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Introduction 19 
Brominated flame retardants (BFRs), in particular polybrominated diphenyl ethers (PBDEs) are 20 
compounds that are used to reduce the flammability of commercial and household items such as 21 
electronic and electrical equipment, polyurethane foam and textiles (Alaee and Wenning 2002; 22 
Alaee et al. 2003).  They are relatively persistent, lipophilic chemicals with a tendency to 23 
bioaccumulate (de Wit 2002).  The data on health effects in humans are limited although recent 24 
studies show PBDE concentrations in human milk to be associated with congenital cryptorchidism 25 
(Main et al. 2007); and lower birth weight, length and chest circumference (Chao et al. 2007).  26 
Potential risks associated with exposure in animals include liver and thyroid effects, subtle 27 
behavioural changes and preliminary findings suggest that PBDEs may impair the immune system 28 
(ATSDR 2004).   29 
 30 
PBDEs have been detected in human samples worldwide with levels increasing over time 31 
(Meironyte and Noren 1999; Hites 2004).  Studies in Australia have found detectable PBDE 32 
concentrations in human milk and blood sera with levels lower than those in North America but 33 
higher than reported levels from Europe and Asia (Toms et al. 2007; 2008).  These Australian 34 
results were surprising since PBDEs are not manufactured in Australia and in 2003/04 imported raw 35 
chemical accounted for less than 1% of global usage (NICNAS 2005).   However PBDEs are 36 
additive flame retardants which are mixed with polymers during their production and do not form 37 
chemical bonds with the polymer.  As a consequence, these chemicals may leach/volatilise from 38 
products over time.  International research has yet to identify all sources and pathways of exposure 39 
although exposure via food (Darnerud et al. 2006), indoor air (Harrad et al. 2004) and dust (Sjödin 40 
et al. 2008) have all been suggested.   41 
 42 
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Most sources of PBDEs to the atmosphere are located in densely populated urban locations (Hoh 43 
and Hites 2005; Harrad and Hunter 2006) and this is demonstrated by a strong urban rural gradient 44 
(Butt et al. 2004b).  Near source site studies demonstrate significantly elevated PBDE air 45 
concentrations which are released during manufacture or recycling processes (Cahill et al. 2007; 46 
Deng et al. 2007). The relatively high concentration of PBDEs indoors compared to outdoors is 47 
likely to be related to the usage and slow release of these chemicals from consumer products and 48 
building materials (Kemmlein et al. 2003).   49 
 50 
Dust has also been investigated as a PBDE exposure pathway in homes (e.g. Knoth et al. 2003; 51 
Stapleton et al. 2005; Allen et al. 2008b; Harrad et al. 2008a; Harrad et al. 2008b; Sjödin et al. 52 
2008), in offices (Leonards et al. 2001) and on hand wipes (Stapleton et al. 2008).  The incidental 53 
ingestion and inhalation of household dust, particularly by small children, may be an important 54 
pathway for human exposure to PBDEs (Stapleton et al. 2005).    Surface wipes from glass or 55 
equipment have been used to evaluate the presence and/or usage of these chemicals previously (Butt 56 
et al. 2004a; Schecter et al. 2005).  57 
 58 
The aim of this study was to determine if indoor environments were a source of PBDE exposure to 59 
the Australian population and to make an initial assessment of intake via these pathways.  The study 60 
would also provide the first data on background PBDE concentrations and congener profiles in air, 61 
dust and surface wipe samples from the same buildings in Australia.   62 
 63 
Materials and Methods  64 
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Sample collection 65 
This study was designed to determine background concentrations of PBDEs in samples of air, dust 66 
and surface wipes in 2005 from South East Queensland, Australia.  PBDE concentrations in 67 
exposure media were quantified in a variety of indoor environments which varied by usage (office 68 
or home), flooring (carpet or non-carpet), presence of air-conditioning, and building age (Table S1).  69 
These varying environments were chosen to explore the possibility that building characteristics may 70 
be important determinants of PBDE concentrations in future, large scale investigations of PBDEs in 71 
indoor environments.  Indoor air and dust were collected at all sites while outdoor air and surface 72 
wipes were collected from two sites only.  Field sampling was designed based on previous studies 73 
of PBDEs in air (Harrad et al. 2004; Wilford et al. 2004), dust (Wilford et al. 2005; Sjödin et al. 74 
2008) and surface wipes (Schecter et al. 2005) as well as our established techniques (Mueller et al. 75 
1996; Mueller et al. 1998). 76 
 77 
Indoor and outdoor air 78 
Air samples were collected using a filter-adsorbent active sampling system consisting of a glass 79 
fibre filter paper (Whatmann 90mm (GF/A Cat No. 1920090)) to collect particle-associated PBDEs 80 
and a XAD-2 filled cartridge to collect vapour phase PBDEs.  This cartridge was attached to a low 81 
volume pump and the number of cubic metres sampled was determined using a gas meter where the 82 
volume was measured under negative pressure and corrected using Boyle’s Law.   83 
 84 
Prior to sampling, the filter papers were rinsed with acetone and placed in the furnace at 450oC for 85 
18 hours.  All glassware was pre-cleaned, rinsed with acetone and wrapped in foil for transport to 86 
the sampling sites.  The glass cartridges were sent to the National Measurement Institute (NMI) 87 
where they were soaked in detergent, rinsed with tap water, acetone and hexane and allowed to air 88 
dry.  They were then furnaced at 450oC for 16 hours and loaded with XAD-2.  The XAD-2 resin 89 
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was previously cleaned (using the procedure listed in EPA Method 23).  Cartridges were stored in 90 
the freezer prior to sampling and once sampling was complete they were re-capped, wrapped in foil 91 
and returned to the freezer.  Filter papers were folded and placed into the cartridge after sampling 92 
for combined analysis with the XAD-2.   93 
 94 
On average, indoor air samplers collected 340 m3 of air while outdoor samplers collected 3260 m3 95 
with a sampling rate of between 4.5 and 6.5 m3 per hour.  In houses, air samplers were deployed in 96 
the living room or bedroom and operated during the day to avoid disturbing residents and 97 
neighbours in the evening while the office samplers were operated outside business hours to avoid 98 
disturbing staff during the day.  Sampling during lowest periods of human activity has been 99 
conducted by some (Harrad et al. 2004) but not by others (Allen et al. 2007b).  This sampling 100 
method may have underestimated PBDE air concentrations, however, was required in order to 101 
accommodate those allowing sampling in their buildings.  The sampling rate was chosen to reflect 102 
the volume of the room to ensure that the daily sampling rate was less than 50% of the room’s 103 
volume (i.e.  reduce the depletion of the air concentration as a result of excess air being drawn into 104 
the room).  The sampler was mounted with an extension that led the extracted air outside the 105 
home/office so the air was not re-sampled.  Where this was not possible due to security issues a 106 
longer hose was used and the sampled air was exhausted into a stairwell or another room, distant 107 
from the air sampler.   108 
 109 
Dust 110 
Dust samples were collected from all rooms on the same level of the house, where the air sampler 111 
was deployed.  A dedicated vacuum cleaner (Nilfisk King 520) was used that had multistage 112 
filtering in the exhaust system to avoid smaller particles passing through the cleaner which may 113 
cause the (re)contamination of the air and surfaces at a site.  A new vacuum bag was used for each 114 
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sample.  The study team cleaned the vacuum cleaning equipment between sample collections to 115 
avoid cross contamination between sites.  A solid vinyl hose was inserted into the corrugated 116 
vacuum hose to aid cleaning.  After collection, the contents of the vacuum cleaner bag were passed 117 
through a pre-cleaned 2mm metal sieve and this material was collected for extraction and analysis. 118 
 119 
Surface Wipes 120 
Whatmann 90mm (GF/A Cat No. 1920090) glass microfibre filter papers were used to collect 121 
surface wipes.  The filter papers were rinsed with acetone and allowed to air dry, then placed in 122 
acetone rinsed foil envelopes.  A metal clip and tweezers were rinsed with acetone prior to sample 123 
collection.  The sample was collected by folding the filter paper in half and placing it in the metal 124 
clip using tweezers.  A template was used to ensure a uniform surface area of 10 x 10 cm (100 cm2) 125 
was sampled.  The time since the surface was cleaned/ wiped or otherwise touched prior to this 126 
study could not be determined.  Surface wipes were collected from televisions, stereos, refrigerators 127 
and DVD players in the same rooms as the dust and air sampling took place at Homes 1 and 2.  128 
 129 
Analytical methodology 130 
Samples were analysed at NMI, Sydney, Australia, a laboratory with NATA accreditation for PBDE 131 
analysis.  The methodology has been described elsewhere (Toms et al. 2006).   Briefly, NMI used 132 
isotope dilution high resolution gas chromatography/high resolution mass spectrometry 133 
(HRGC/HRMS) to determine the concentrations of PBDEs in the air, dust and surface wipe 134 
samples.  The analytical methodology for the determination of PBDEs was based on the Method 135 
1614 (U.S. EPA 2007).  This method provided data on 26 PBDE congeners including BDEs-17, -136 
28, -33, -47, -49, -66, -71, -77, -85, -99, -100, -119, -126, -138, - 166, -153, -154, -156, -183, -184, -137 
191, -196, -197, -206, -207 and -209.  The ΣPBDE concentration is the sum of these congeners 138 
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using zero as the value where a congener was below the limit of detection (LOD) unless indicated 139 
otherwise.  LODs varied by congener and matrix and were calculated for each sample run based on 140 
the mass of a given congener determined in the matrix blank (primarily relevant for samples 141 
collected on XAD-2 and filters) or the signal to noise ratio of the baseline in a given retention 142 
window.  For example, LODs for BDEs – 77 and -126 ranged from 5-60 and 10-100 ng/g dust, 143 
respectively; from 5-70 and 7-100 pg/sample air, respectively; and 4 – 9 and 20 – 50 pg/sample 144 
surface wipe, respectively.  BDE-209 showed larger variability with the LODs ranging from 700 – 145 
4000 pg/sample in air.  Values below the limit of detection are denoted by a ‘<’sign.  146 
Concentrations of PBDEs in air, dust and surface wipes are reported as pg/m3 air, ng/g dust and 147 
pg/cm2, respectively.    148 
 149 
Quality Control/Quality Assurance (QC/QA) 150 
 151 
Inter-laboratory calibration 152 
For the purpose of inter-laboratory comparison, extracts from one sample of each of the air, dust and 153 
surface wipe samples were analysed at Eurofins/ERGO in Hamburg, Germany.  The results from the 154 
two laboratories were compared using the mean normalised difference (MND) obtained by taking 155 
the mean of the normalised differences [Norm. Diff. = │a-b│/ ((│a│+│b│)/2)] for all detected 156 
congeners.  For indoor air (Home 1 ‘A’), 11 PBDE congeners were detected by both laboratories 157 
with a MND of 25%.  For the dust sample (Office 1 ‘A’), 15 congeners were detected by both 158 
laboratories with a MND of 22%.  For the surface wipe sample (Home 2 – television ‘A’) 7 159 
congeners were detected by both laboratories with a MND of 21%.  Overall, there was good 160 
agreement between the two laboratories for all three matrices.  161 
 162 
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Sampling reproducibility and resampling of dust 163 
The reproducibility of the sample collection for air and surface wipes was assessed through 164 
replication of sample collection. For indoor air, a replicate was obtained simultaneously from one 165 
home site (Home 1).  The result from the analysis of the replicate air sample showed that the PBDE 166 
concentrations were consistently very low and for almost all congeners below the limit of detection 167 
(LOD).  The only PBDE that could be quantified above the LOD in both samples was BDE-17 with 168 
1.2 and 0.52 pg/m3 in the two replicates.  BDEs-71 and -183 were detectable in one of the replicates 169 
(Home 1 ‘A’) but the concentrations were very close to the LOD.  At Home 1, two television 170 
surface wipes (‘A’ and ‘B’) were collected consecutively within 10 cm of each other.  The MND for 171 
the three congeners detected in both samples was 12% showing good reproducibility of sampling 172 
procedures.   173 
 174 
As it was not possible to obtain two dust samples from the same area simultaneously, at Office 1, 175 
two dust samples were collected approximately one month apart using the same procedures and 176 
obtaining dust from the same area for both samples.  To our knowledge there was no change in 177 
carpet, furniture or equipment between sample collections.  The MND for 18 detected congeners 178 
was 61%.  It could be assumed that PBDE concentrations vary over time possibly due to current 179 
emissions in the indoor environment which could explain the differences in these samples collected 180 
one month apart.  However, one study found no difference in most PBDE concentrations (BDE-183 181 
was found to decrease over time although the reason was unknown) in dust over an 8-month period 182 
(Allen et al. 2008a).    183 
 184 
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Field blanks 185 
Field blanks were included for the air sampling (filters and XAD-2) and surface wipes (filter papers 186 
used for surface wipes).   For all air samples, two filter papers were taken to the sampling sites.  One 187 
filter was used for sampling while the other filter was used as a field blank for both the air and 188 
surface wipes.  Two field blanks were analysed and the results showed low PBDE concentrations 189 
(mean 377 pg ΣPBDEs).   Two XAD-2 matrix blanks were also used for the study, and compared to 190 
the blank filter showed relatively high levels of PBDEs (mean 16120 pg ΣPBDEs).  The reasons for 191 
this contamination are unclear.  As a result of the blank contamination with the XAD-2, only a 192 
limited number of PBDE congeners in air could be detected based on the blank criteria (data were 193 
only accepted if greater than three times the blank values in matrix blank).  No dust blank was used. 194 
Results and Discussion  195 
 196 
PBDEs were detected in all samples of indoor and outdoor air; dust; and in nine out of ten surface 197 
wipe samples (Table 1).  The summary results were calculated using replicate samples as separate 198 
results.  This study demonstrated that PBDEs are ubiquitous in the indoor environments of selected 199 
buildings in South East Queensland and suggest the need for detailed assessment of PBDE 200 
concentrations using more sites to further investigate the factors influencing PBDE exposure in 201 
Australia.  Generally PBDE concentrations were low in all matrices although some samples showed 202 
elevated concentrations, as discussed below.   PBDE concentrations detected in samples of air and 203 
dust from other countries are presented in Table S2.  It should, however, be noted that comparison 204 
between the current study and other studies is limited by a number of factors including the small 205 
sample size used in this study; different sampling and analytical techniques; the number of 206 
congeners determined; and the treatment of values below the detection limit.   207 
  208 
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Air 209 
PBDEs were detected in all air samples (Table 2).  Overall, 21 out of 26 BDE congeners were 210 
detected and those not detected were BDEs-77, -126, -138, -156 and -166.  For indoor air, the 211 
concentration of ΣPBDEs ranged from 0.5 -179 pg/m3 for homes and 15 - 487 pg/m3 for offices.  212 
The mean (± standard deviation) and median concentrations of ΣPBDEs in homes were 50 ± 70 and 213 
19 pg/m3 and in offices 173 ± 272 and 18 pg/m3, respectively.   214 
 215 
The lowest ΣPBDE concentration (0.5 pg/m3) was found in Home 1, a house with no carpet, no air-216 
conditioning and aged greater than five years.  The highest ΣPBDE concentration (490 pg/m3) was 217 
found in Office 2, an office with carpet, air-conditioning and refurbished in the last two years 218 
(Figure S1).  In this exploratory assessment of factors affecting PBDE concentrations, no 219 
differences in PBDE concentrations in air were obvious by any building characteristic included in 220 
this study.  This is in agreement with Wilford et al. (2004) who determined PBDE concentrations 221 
in 74 homes and also found no correlation, emphasising that PBDE concentrations in any home will 222 
be affected by specific sources and complicated by factors such as ventilation rate, proximity of the 223 
sampler to potential sources and age of those sources rather than building characteristics per se.  224 
Hence we agree with Allen et al. (2007b) that  the actual concentrations of PBDEs in products 225 
specific to a room rather than the assessment of broad building characteristics are likely to 226 
determine PBDE concentrations in air in a given room.  227 
 228 
The congener profile for indoor air in homes was dominated by BDE-209, followed by BDEs-47, -229 
183 and -153 (Figure 1).  For Offices 1 and 3, which were located in the same building but on 230 
different floors, the congener profile was dominated by BDE-209 followed by BDE-183.  At Office 231 
2, which was in a building at a different location, the profile was dominated by BDE-47 followed by 232 
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BDE-28 + 33 with less than 1% contribution from BDE-209.  This result for Office 2 has been 233 
confirmed in a second round of sampling (data not presented here). 234 
 235 
For a preliminary comparison of indoor and outdoor air, a sample of outdoor air was collected at – 236 
Home 2 and Office 1.  Consistent with findings by others (e.g. Harrad et al. 2004; Wilford et al. 237 
2004) outdoor air had lower ΣPBDE concentrations than indoor air.  The congener profile from the 238 
outdoor samples was similar for both sites with dominance by BDE-209 followed by BDEs-207, -239 
206, -197 and -196 whereas the profiles and concentrations in indoor air from the outdoor air sites 240 
(Home 2 and Office 1) were different from each other.  Indoor concentrations are likely due to 241 
emission/release from sources such as the products within a room as well as air retention/ventilation 242 
while outdoor concentrations are likely due to emission from external sources as well as release of 243 
PBDEs from the indoor environment.  Harner et al. (2006) suggested that outdoor PBDE 244 
concentrations in winter are lower than in summer as ventilation rates to the outside are likely to be 245 
lowest.   246 
 247 
Dust 248 
PBDEs were detected in all nine dust samples (Table 2) with 24 out of 26 congeners detected and 249 
those not detected in any samples were BDEs-126 and -156.  The ΣPBDE concentrations ranged 250 
from 87 to 3070 ng/g dust with a mean (± standard deviation) and median of 897 ± 944 and 591 251 
ng/g dust, respectively.  The highest ΣPBDE concentration (3070 ng/g dust) was Office 2, an office 252 
with carpet, air-conditioning and refurbishment in the last two years, while the site with the lowest 253 
ΣPBDE concentration (87 ng/g dust) was Home 1, a home with no carpet or air-conditioning and 254 
greater than five years old.  In this exploratory assessment, overall building characteristics did not 255 
appear to affect PBDE dust concentrations which is in agreement with other studies (Stapleton et al. 256 
2005; Wilford et al. 2005; Tan et al. 2007).  Overall the PBDE concentrations at the office sites 257 
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were higher than the homes except for Home 5 which was similar to Office 1.  The sites with the 258 
lowest and highest dust concentrations also had the lowest and highest air concentrations for 259 
ΣPBDEs (Pearsons correlation coefficient r = 0.894).  Although this correlation was dependant on 260 
one data point (Office 2) and when this was removed no correlation was observed (r = 0.017).  261 
Wilford et al. (2005) found significant correlations between PBDE concentrations in air and dust 262 
collected from the same homes in Canada.   263 
 264 
The congener profile of all samples was dominated by BDE-209, followed to a much lesser degree 265 
by BDEs-99, -47, -183, -206 and -207.  The profile in homes had a higher contribution from BDEs-266 
183, -47 and -99 than the offices while the BDE-209 contribution was less than in offices (Figure 267 
S2).      268 
 269 
Surface wipes 270 
PBDEs were detected in 9 out of 10 surface wipe samples (Table 2).  The results of the current 271 
study were slightly lower than surface wipes from four computers/monitors in the USA (Schecter et 272 
al. 2005).  Overall the concentrations of PBDEs in the surface wipes from Home 1 were relatively 273 
consistent in concentrations and profiles, where in four samples (DVD player, the stereo and both 274 
surface wipes from the television) only nona- and deca-BDEs were detected whereas from the 275 
refrigerator low concentrations of lower brominated BDEs were detected in addition to the higher 276 
brominated BDEs.  277 
 278 
The variability of concentrations in surface wipes from Home 2 was much greater with no 279 
detectable concentration of PBDEs in the surface wipe from the stereo, low concentrations of 280 
mainly higher brominated BDEs in surface wipes from the refrigerator and DVD player and very 281 
high concentrations of particularly octa-BDEs but also nona- and deca-BDEs in the surface wipes 282 
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from the television.  This high result from the television led us to resample this surface once the 283 
result was available (approximately two months later).  In the meantime the resident of Home 2 had 284 
shifted the television within the same living room from an open environment into a cabinet (though 285 
without closed doors).  The analysis of the new sample showed a much lower concentration of 286 
ΣPBDEs (i.e. 173 pg/cm2 compared to 23500 pg/cm2 in the previous surface wipe).  The sample still 287 
showed a profile that included substantial contribution of BDE-183.  Interestingly Home 2 also 288 
showed a congener profile in air that was dominated by BDE-183 and that congener was also found 289 
in the dust collected from Home 2.  We suggest that in this surface wipe sample either concentrated 290 
dust emitted from a proximate source (e.g. the vent of the television) or leaching from the polymer 291 
substantially contributed to the concentration in the surface wipe.  The fact that the resampling did 292 
not show similar high levels suggests that surface wipe sampling at this stage is not a quantitative 293 
technique to determine sources of PBDEs to the indoor environment.  Notably, the use of handheld 294 
X-ray fluorescence (XRF) to determine bromine content of products (Allen et al. 2007a) may 295 
provide a much improved tool for rapid assessment of the potential of PBDEs in products or 296 
alternatively the removal of a sample of the product and then measurement by leaching under 297 
laboratory conditions (Kim et al. 2006) may provide accurate assessments of PBDE content in 298 
products.   299 
 300 
Daily Intake 301 
The PBDE concentrations determined in the air and dust samples have been used to estimate intake 302 
of PBDEs via these pathways for Australians assuming that these initial data are indicative of PBDE 303 
concentrations in indoor environments in Australia.  We have assumed an adult inhalation rate of 20 304 
m3/day, 100% absorption of intake and the percentage of the time spent in these environments in 305 
Australia (10% outdoors, 65% in the home, 13% at work and the remaining 12% spent as indoors 306 
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‘other’ or indoors ‘public transport’ which are included here in the percentage for work) as taken 307 
from Horton et al. (2006).  The calculated adult ΣPBDE intake via air using the data from our study 308 
is approximately 1.5 ng/day.  Daily ΣPBDE intake via dust ingestion was calculated based on the 309 
method of Wilford et al. (2005) with ingestion rates of 55-200 mg dust per day for children (6 310 
months – 2 years) and 4.16-100 mg of dust per day for adults.  Using the median ΣPBDE 311 
concentration of 591 ng/g dust, intake of PBDEs from dust in children ranged from 33-118 ng/day 312 
and for adults ranges from 2.5-59 ng/day.   It should be noted that dust ingestion rates are highly 313 
variable which leads to uncertainty in comparing PBDE intake via this pathway. 314 
 315 
Conclusion 316 
Our assessment demonstrates that in the homes and offices sampled from South East Queensland, 317 
Australia, PBDE contamination is ubiquitous in air, dust and surface wipe samples.  The PBDE 318 
concentrations including BDE-209, in this study were on average lower than found in a previous 319 
Australian study and studies from other countries.  PBDE ingestion via dust makes a greater 320 
contribution to human exposure than inhalation although it should be noted that the concentrations 321 
of PBDEs in Australian dust and air showed a large range from minimum to maximum and 322 
therefore individual intake could vary greatly which could in turn affect individual body burdens.  323 
The sources and pathways of exposure for PBDEs in the human population in Australia require 324 
more investigation.  Further studies of indoor and outdoor air with a focus on point sources are 325 
underway.  PBDE exposure via air and dust together with body burden data obtained from the same 326 
populations may help to clarify which pathways are most important in determining body burden.        327 
 328 
Supporting Information 329 
The sampling design, international comparison and results by building characteristics are presented 330 
in the Supporting Information 331 
  15 
Acknowledgments 332 
The research team thanks the residents who allowed sampling; the staff at NMI Dioxins Analysis 333 
Unit and at Eurofins/ERGO; and Ryan Allsopp for assisting with laboratory and field work.  The 334 
authors gratefully acknowledge Laurence Hearn for reviewing the manuscript.  The National 335 
Research Centre for Environmental Toxicology is a partnership between Queensland Health and 336 
The University of Queensland. This work was part of a consultancy funded by the Australian 337 
Government, Department of Environment, Water, Heritage and the Arts (DEWHA).  The views and 338 
opinions expressed in this publication do not necessarily reflect those of the Australian Government 339 
or the Minister for the Department of the Environment, Water, Heritage and the Arts.  LT is funded 340 
by a University of Queensland EnTox/ School of Medicine Joint Research scholarship. 341 
 342 
343 
  16 
References 344 
 345 
Alaee M, Arias P, Sjodin A, Bergman A. An overview of commercially used brominated flame retardants, their 346 
applications, their use patterns in different countries/regions and possible modes of release. Environment 347 
International 2003;29:683-689. 348 
Alaee M, Wenning RJ. The significance of brominated flame retardants in the environment: current understanding, 349 
issues and challenges. Chemosphere 2002;46:579-582. 350 
Allen JG, McClean MD, Stapleton HM, Fraser AJ, Cichanowski B, Palmisano J, Webster T. Linking PBDEs in house 351 
dust to consumer products using x-ray fluorescence. In: Proceedings of the Fourth International Workshop on 352 
Brominated Flame Retardants. Amsterdam, The Netherlands, 2007a. 353 
Allen JG, McClean MD, Stapleton HM, Nelson JW, Webster TF. Personal exposure to polybrominated diphenyl ethers 354 
(PBDEs) in residential indoor air. Environ Sci Technol 2007b;41(13):4574-9. 355 
Allen JG, McClean MD, Stapleton HM, Webster T. Critical factors in assessing exposure to PBDEs via house dust. 356 
Environment International 2008a;34(8):1085-91. 357 
Allen JG, McClean MD, Stapleton HM, Webster T. Linking PBDEs in house dust to consumer products using x-ray 358 
fluorescence. Environmental Science and Technology 2008b;42:4222-4228. 359 
ATSDR. Toxicological Profile for polybrominated biphenyls and polybrominated diphenyl ethers. Department of Health 360 
and Human Services, U.S. Public Health Service. Agency for Toxic substances and disease registry 2004. 361 
Butt C, Diamond M, Truong J, Ikonomou M, Helm P, Stern G. Semivolatile organic compounds in window films from 362 
Lower Manhattan after the September 11th World Trade Center attacks. Environ Sci Technol 2004a;38:3514-363 
3524. 364 
Butt CM, Diamond ML, Truong J, Ikonomou MG, Schure AFHt. Spatial distribution of polybrominated diphenyl ethers 365 
in Southern Ontario as measured in indoor and outdoor window organic films. Environmental Science and 366 
Technology 2004b;38:724-731. 367 
Cahill TM, Groskova D, Charles MJ, Sanborn JR, Denison MS, Baker L. Atmospheric concentrations of 368 
polybrominated diphenyl ethers at near-source sites. Environmental Science and Technology 369 
2007;41(18):6370-6377. 370 
Chao HR, Wang SL, Lee WJ, Wang YF, Papke O. Levels of polybrominated diphenyl ethers (PBDEs) in breast milk 371 
from central Taiwan and their relation to infant birth outcome and maternal menstruation effects. Environ Int 372 
2007;33(2):239-45. 373 
Darnerud PO, Atuma S, Aune M, Bjerselius R, Glynn A, Petersson Grawe K, Becker W. Dietary intake estimations of 374 
organohalogen contaminants (dioxins, PCB, PBDE and chlorinated pesticides, e.g. DDT) based on Swedish 375 
market basket data. Food and Chemistry Toxicology 2006;44(9):1597-1606. 376 
de Wit C. An overview of brominated flame retardants in the environment. Chemosphere 2002;46:583-624. 377 
Deng WJ, Zheng JS, Bi XH, Fu JM, Wong MH. Distribution of PBDEs in air particles from an electronic waste 378 
recycling site compared with Guangzhou and Hong Kong, South China. Environ Int 2007;33(8):1063-9. 379 
EPA Method 23. U.S. Environmental Protection Agency Method 23 - Determination of Polychlorinated Dibenzo-p-380 
dioxins and Polychlorinated Dibenzofurans from Municipal Waste Combustors.  381 
http://www.epa.gov/ttn/emc/promgate/m-23.pdf Accessed 2 June 2008. 382 
Harrad S, Hunter S. Concentrations of polybrominated diphenyl ethers in air and soil on a rural-urban transect across a 383 
major UK conurbation. Environ Sci Technol 2006;40(15):4548-53. 384 
Harrad S, Ibarra C, Abdallah MA, Boon R, Neels H, Covaci A. Concentrations of brominated flame retardants in dust 385 
from United Kingdom cars, homes, and offices: causes of variability and implications for human exposure. 386 
Environ Int 2008a;34(8):1170-5. 387 
Harrad S, Ibarra C, Diamond M, Melymuk L, Robson M, Douwes J, Roosens L, Dirtu AC, Covaci A. Polybrominated 388 
diphenyl ethers in domestic indoor dust from Canada, New Zealand, United Kingdom and United States. 389 
Environ Int 2008b;34(2):232-8. 390 
Harrad S, Wijesekera R, Hunter S, Halliwell C, Baker R. Preliminary assessment of U.K. human dietary and inhalation 391 
exposure to polybrominated diphenyl ethers. Environ Sci Technol 2004;38:2345-2350. 392 
Hites RA. Polybrominated diphenyl ethers in the environment and in people: a meta-analysis of concentrations. Environ 393 
Sci Technol 2004;38(4):945-956. 394 
Hoh E, Hites RA. Brominated flame retardants in the atmosphere of the East-Central United States. Environ Sci Technol 395 
2005;39(20):7794-802. 396 
Horton A, Murray F, Bulsara M, Hinwood A, Farrar D. Personal monitoring of benzene in Perth, Western Australia: 397 
The contribution of sources to non-industrial personal exposure. Atmospheric Environment 2006;40:2596-398 
2606. 399 
  17 
Kemmlein S, Hahn O, Jann O. Emissions of organophosphate and brominated flame retardants from selected consumer 400 
products and building materials. Atmospheric Environment 2003;37:5485-5493. 401 
Kim YJ, Osako M, Sakai SI. Leaching characteristics of polybrominated diphenyl ethers (PBDEs) from flame-retardant 402 
plastics. Chemosphere 2006. 403 
Knoth W, Mann W, Meyer R, Nebhuth J. Brominated diphenyl ether in indoor dust. Organohalogen Compounds 404 
2003;61:207-210. 405 
Leonards P, Santillo D, Brigden K, van der Veen I, v. Hesselingen J, de Boer J, Johnston P. Brominated flame 406 
retardants in office dust samples. In: Proceedings of the Second Internatioal Workshop on Brominated Flame 407 
Retardants, 14-16 May, 2001, The Swedish Chemical Society, Stockholm, Sweden (2001) 2001:299-302. 408 
Main KM, Kiviranta H, Virtanen HE, Sundqvist E, Tuomisto JT, Tuomisto J, Vartiainen T, Skakkebaek NE, Toppari J. 409 
Flame retardants in placenta and breast milk and cryptorchidism in newborn boys. Environ Health Perspect 410 
2007;115(10):1519-26. 411 
Meironyte D, Noren K. Analysis of polybrominated diphenyl ethers in Swedish human milk.  A time-related trend study, 412 
1972-1997. Journal of Toxicology and Environmental Health 1999;Part A, 58:329-341. 413 
Mueller JF, Hawker DW, Connell DW. Polycyclic aromatic hydrocarbons in the atmospheric environment of Brisbane, 414 
Australia.  . Chemosphere 1998;37:1369-1383. 415 
Mueller JF, Hawker DW, Wermuth UD, Connell DW. Field evaluation of sampling artefacts for the separate collection 416 
of vapour and particulate PAHs with a filter adsorbent system. Clean Air 1996;30:37-41. 417 
NICNAS. Summary of information on polybrominated flame retardants. Chemical Gazette 2005;No. C 5. 418 
Schecter A, Paepke O, Joseph JE, Tung K. Polybrominated diphenyl ethers (PBDEs) in U.S. computers and domestic 419 
carpet vacuuming: possible sources of human exposure. Journal of Toxicology and Environmental Health 420 
2005;68:501-513. 421 
Sjödin A, Paepke O, McGahee EE, Focant J-F, Jones RS, Wang R, Pless-Mulloli T, Toms LML, Herrman T, Mueller JF 422 
and others. Concentration of Polybrominated Diphenyl Ethers (PBDEs) in Household Dust from Various 423 
Countries - Is Dust a Major Source of Exposure? Chemosphere 2008;73:S131-S136. 424 
Stapleton HM, Dodder NG, Offenberg JH, Schantz MM, Wise SA. Polybrominated diphenyl ethers in house dust and 425 
clothes dryer lint. Environ Sci Technol 2005;39(4):925-931. 426 
Stapleton HM, Kelly SM, Allen JG, McClean MD, Webster T. Measurement of polybrominated diphenyl ethers on hand 427 
wipes: estimating exposure from hand-to-mouth contact. Environmental Science and Technology 428 
2008;42(9):3329-3334. 429 
Tan J, Cheng SM, Loganath A, Chong YS, Obbard JP. Polybrominated diphenyl ethers in house dust in Singapore. 430 
Chemosphere 2007;66(6):985-92. 431 
Toms L-M, Mueller JF, Bartkow M, Symons RK. Assessment of concentrations of polybrominated diphenyl ether flame 432 
retardants in indoor environments in Australia. Canberra: Australian Government Department of the 433 
Environment and Heritage; 2006. 57 p. 434 
Toms LM, Harden FA, Symons RK, Burniston D, Furst P, Muller JF. Polybrominated diphenyl ethers (PBDEs) in 435 
human milk from Australia. Chemosphere 2007;68(5):797-803. 436 
Toms LML, Harden F, Paepke O, Hobson P, Ryan JJ, Mueller JF. Higher accumulation of polybrominated diphenyl 437 
ethers (PBDEs) in infants than in adults. Environmental Science and Technology 2008;42(19):7510-7515. 438 
U.S. EPA M. Brominated diphenyl ethers in water soil, sediment and tissue by HRGC/HRMS. United States 439 
Environmental Protection Agency, Washington.  440 
http://www.epa.gov/waterscience/methods/method/files/1614.pdf. 2007. 441 
Wilford B, Shoeib M, Harner T, Zhu J, Jones KC. Polybrominated diphenyl ethers in indoor dust in Ottawa, Canada: 442 
implications for sources and exposure. Environ Sci Technol 2005;39:7027-7035. 443 
Wilford BH, Harner T, Zhu J, Shoeib M, Jones KC. Passive sampling survey of polybrominated diphenyl ether flame 444 
retardants in indoor and outdoor air in Ottawa, Canada: implications for sources and exposure. Environmental 445 
Science and Technology 2004;38:5312-5318. 446 
 447 
 448 
  449 
450 
  18 
Figure Captions 451 
 452 
Figure 1. Comparison of average congener profile (%) of selected congeners to the ΣPBDE 453 
concentrations in indoor air, outdoor air, dust and surface wipes for all homes and offices. 454 
(H = homes; O=offices) 455 
456 
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Supporting Information 457 
 458 
Table S1. Sampling design and criteria for outdoor air, indoor air, dust and 459 
surface wipe samples (O = office, H = homes) 460 
 461 
Site  
Air 
conditioning 
Age 
(yrs) Carpet Outdoor air 
Indoor 
air Dust Surface Wipes 
O 1 yes > 5 yes 1 1 2 0 
O 2 yes < 2 yes 0 1 1 0 
O 3 yes < 2 yes 0 1 1 0 
H 1 no > 5 no 0 2 1 5 
H 2 yesa > 5 yes 1 1 1 5 
H 3 yesa > 5 no 0 1 1 0 
H 4 yes < 2 no 0 1 1 0 
H 5 yes < 2 yes 0 1 1 0 
Total       2 9 9 10 
anot in use at time of sampling 462 
 463 
464 
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 465 
Table S2. Concentration of selected PBDEs and Σ26PBDEs in indoor and outdoor 466 
air (pg/m3) from homes and offices. 467 
 468 
                Σ26PBDEs 
  
BDE 
47 
BDE 
99 
BDE 
100 
BDE 
153 
BDE 
154 
BDE 
183 
BDE 
209 
Excl. 
LOD 
valuesa 
Incl. 
LOD 
values 
H 1 'A' <92.3 <41.6 <9.3 <2.4 <1.7 0.3 <4.2 1.6 202 
H 1 'B' <16.67 <10.42 <2.08 <0.52 <0.42 <0.16 <3.65 0.5 42 
H 2 <26.11 <18 <3.9 7.85 <2.2 31.4 117 179 240 
H 3 73 <34 <9 1.9 <1.8 0.4 <8.1 83 154 
H 4 <45 <8 <3 <0.7 <0.4 4.55 9.55 20 90 
H 5 <14 <8 <2 <1.3 <0.8 2.43 11.24 17 48 
O 1 <40 <10 <3 <1 <0.6 3.7 6.95 18 78 
O 2  358.1 20.03b 4.6b 1.65b 1.25b 0.88b 5.21b 486 549 
O 3 <23.2 <10.3 <2.7 0.75b <0.54 1.48b 11.8b 15 64 
Outdoor O 1 <3.2 <1.4 <0.4 <0.1 <0.1 0.12 5.8 7 13 
Outdoor H 2 <2 <1 <0.03 <0.1 <0.1 0.1 1.28 1.7 7 
a values below the limit of detection (LOD) were imputed a value of zero bcould not be quantified on XAD 469 
cartridge, value detected on filter included here and therefore only reflect particulate bound PBDEs  470 
471 
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Table S3. Concentration of selected PBDEs and Σ26PBDEs in dust (ng/g) from 472 
homes and offices. 473 
 474 
 475 
                Σ26PBDEs 
 Sitesa BDE 47 BDE 99 
BDE 
100 
BDE 
153 
BDE 
154 
BDE 
183 
BDE 
209 
Excl. 
LOD 
valuesb 
Incl. 
LOD 
values 
H1 7.81 10.8 0.69 3.21 1.31 9.49 37 86.8 87.7 
H2 21.4 25.1 5.05 7.31 2.95 26.7 151 294 296 
H3 53.6 81.8 16.9 14 8.73 28 329 591 594 
H4 17.7 19.4 4.31 2.91 1.81 2.89 112 175 176 
H5 18.2 41.3 7.77 7.41 4.59 10.1 587 733 733 
O1 'A' 46.6 63 11.1 19.3 6.93 55.8 512 836 837 
O1 'B' 47.9 49.4 9.22 6.01 3.92 12.1 401 583 584 
O2 210 294 61.2 33.8 25 17.3 2230 3070 3080 
O3 64.2 110 18.8 26.2 9.85 63.8 1210 1700 1703 
a H = homes, O = offices, A 1st sample collection, B 2nd sample collection bvalues below the limit of detection 476 
(LOD) were imputed a value of zero 477 
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Table S4.  Concentration of selected PBDEs and Σ26PBDEs on surface wipes by 478 
sampling site and surface (pg/cm2) 479 
 480 
                ΣPBDEs 
  BDE 47 BDE 99 
BDE 
100 
BDE 
153 
BDE 
154 
BDE 
183 
BDE 
209 
Excl. 
LOD 
valuesa 
Incl. 
LOD 
values 
Home 1           
television A <10 <6 <2 <0.6 <0.3 <0.4 54.2 59 86 
television B <9 <6 <1 <0.5 <0.3 <1 62.8 68 96 
Stereo <10 <7 <2 <0.5 <0.4 <0.3 49.3 53 87 
DVD player <10 <6 <1 <0.4 <0.3 <0.8 11.5 12 41 
Refrigerator 28 <10 <3 <1 0.66 <0.1 15 65 82 
Home 2           
television A <10 <20 <2 1250 270 14600 864 23500 23571 
television B 28.7 <10 <2 2.5 0.76 50.3 40.1 173 187 
Stereo <9 <5 <1 <0.4 <0.3 <0.4 <4 0 28 
DVD player <10 <7 <2 <1 <0.5 26.5 104 162 191 
Refrigerator <10 <8 <2 <1 <0.5 3.4 13.3 21 59 
avalues below the limit of detection (LOD) were imputed a value of zero 481 
 482 
 483 
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Table S5.  Concentration of ΣPBDEs in urban air (pg/m3) and dust (ng/g dust) from 485 
other countries 486 
  
Outdoor 
aira 
Indoor 
Aira Dustb 
Daily ΣPBDE 
intake (ng/day) Reference 
Country sumPBDEs BDE-209 BDE-47 air dust   
Australia (current study) 4.4 50 (173*) 131 (549*) 12 (46*) 1.5 2.5-59   
Australia   732 209   Sjodin et al. 2008 
Canada 2 120 630 300 2 7.5-180 Wilford et al. 2004, 2005 
Canada 43 
1518 
(384*)     Shoeib et al. 2004 
China 88      Chen et al. 2006 
England 18 
128 
(1082*)   0.82 
0.36 
(8.71) Harrad et al. 2004 
England  52 (166*)     Harrad et al. 2006 
England (south-west) 11      Lee et al. 2004 
Europe   160* 65*   Leonards et al. 2001 
Germany   265 17.1   Knoth et al. 2003 
Germany   60 0   Sjodin et al. 2008 
Greece 18 8 (205*)     Mandalakis et al. 2007 
Kuwait  15 (33*)   0.4  Gevao et al. 2007 
Singapore   1000 20 2 4.8-116 Tan et al. 2007 
Sweden   470 51   Karlsson et al. 2007 
UK   2500 22   Sjodin et al. 2008 
USA 52      Strandberg et al. 2001 
USA (Atlanta)    1983 429   Sjodin et al. 2008 
USA (Boston)   nd 670   Wu et al. 2007 
USA (Dallas)    665 364   Schecter et al. 2005 
USA (Massachusetts)  289     Allen et al. 2007 
USA (W'ton, D.C.)      1350 644     Stapleton et al. 2005 
amean; bmedian; cworkplace 487 
 488 
 489 
